Nephrolithiasis is a common systemic disease associated with both acute kidney injury (AKI) and chronic kidney disease (CKD). The purpose of this review is to discuss recent publications regarding nephrolithiasisassociated kidney damage, with an emphasis on AKI.
INTRODUCTION
Kidney stone disease (nephrolithiasis) is extremely common, causing substantial pain with a large economic cost. It is well-known that nephrolithiasis can cause postrenal acute kidney injury (AKI) via the obstruction of urinary outflow, often associated with rapid deterioration in renal function. Irreversible kidney damage can result if urinary drainage is not corrected in a timely fashion. Recent studies also suggest that patients with nephrolithiasis are more likely to develop chronic kidney disease (CKD). In this review, we will discuss recent advances in our understanding of the interrelationships between nephrolithiasis, AKI, and CKD. As there are several excellent and recent reviews regarding the association between CKD and nephrolithiasis [1] [2] [3] , we will place more emphasis on the mechanisms and treatment of nephrolithiasis-related AKI.
NEPHROLITHIASIS AS A CAUSE OF OBSTRUCTIVE ACUTE KIDNEY INJURY
Few epidemiological studies have defined the incidence and prevalence of nephrolithiasis-associated AKI. Kaufman et al. [4] characterized 100 patients with community-acquired AKI, among whom 17% had an obstructive cause. Similarly, a multicenter in Spain suggested that the incidence of obstructive nephropathy was 23 cases per million population per year, accounting for 10% of communityacquired AKI [5] . Therefore, obstruction is a relatively common cause of community-acquired AKI. However, only 10-12% of obstructive AKI cases were caused by urolithiasis, and these accounted for only about 1-2% of all AKI events [4] [5] [6] . In addition, a retrospective Chinese series of 2073 adult ureteral stones similarly revealed a prevalence of AKI on presentation of only 0.72% [7] . In this Chinese series, patients with stones who presented with AKI were more likely to have larger stones (1.05 AE 0.34 vs. 0.82 AE 0.40 cm), bilateral ureteral stones, the presence of a solitary kidney, and preexisting CKD. Urolithiasis may be a more common factor in pediatric AKI, as in a series of children aged 2-12 obstructing stones were cited as a cause of AKI in up to 30% [8] .
Signs of obstructive nephropathy are often nonspecific. Although a decrease in urine output is frequently observed, normal or even elevated urine output does not rule out partial obstruction [7] . Therefore, imaging plays a crucial diagnostic role. Recent studies report that a discrepancy between serum cystatin C and creatinine levels can also be a clue that suggests a postrenal cause [9, 10] . In a rodent study that compared postrenal obstruction and bilateral nephrectomy, Tsuda et al. [9] found that the increment in serum cystatin C and b2 microglobulin was much smaller in the postrenal group, whereas increases in serum creatinine were similar in both groups. The ratio of serum creatinine to cystatin C and serum b2 microglobulin in the postrenal group were higher than in the nephrectomy group (20.6 and 8.3 vs. 18.5 and 5.3, respectively) [9] . Similarly, Fujisawa et al. [10] reported no or only a minimal serum cystatin C increase in three patients with postrenal obstruction, compared with a marked increase of serum creatinine. These studies suggest that some amount of low-molecular-weight protein filtration by the glomerulus, followed by tubular re-uptake, still occurs even in the face of obstructive uropathy. However, clinical investigation with a larger number of patients is needed to confirm the role of these newer biomarkers in the diagnosis of postrenal AKI.
SURGICAL TREATMENT OF NEPHROLITHIASIS AND LONG-TERM RENAL OUTCOME
Once obstructive uropathy from a kidney stone has been identified, prompt and appropriate urologic intervention is necessary to avoid irreversible renal damage. Nevertheless, most nephrolithiasis-associated AKIs have a reasonably good prognosis. In a multicenter study of 93 children with anuria caused by stones, kidney function had fully recovered in 57% and improved in 37.6%, with significant improvement occurring promptly over the first 72 h after intervention in 84% [11] .
The ultimate degree of renal recovery depends primarily on the extent and duration of the obstruction together with the presence or absence of infection [12,13 && ]. In a rodent ureteral obstruction model, the severity of tubular atrophy and interstitial fibrosis linearly increased as the duration of obstruction was extended [12] . Recently, Lucarelli et al. [13 && ] evaluated long-term renal outcome (mean 60.8 months) in 76 patients with iatrogenic renal injury caused by ureteral obstruction. In multivariable logistic modeling, time elapsed before relief of the obstruction was the only significant predictor of outcome, and if outflow was restored in less than 2 weeks, no evidence of long-term renal damage was observed. However, when repair was delayed greater than 2 weeks, renal outcome became progressively worse. The urinary epidermal growth factor (EGF)/ monocyte chemotactic peptide-1 (MCP-1) ratio measured 4 weeks after the relief of obstruction correlated with long-term outcome, suggesting that pathways that favor long-term fibrosis are activated quite early. In case series, up to 15-23% of patients that presented with AKI and obstruction required short-term dialysis [11, 14] , although early relief of obstruction and prompt correction of electrolyte and acid-base imbalances minimized this risk [15] .
Open nephrolithotomy was previously an important contributor to nephrolithiasis-associated CKD. However, there is little evidence that currently employed and less invasive treatments are associated with permanent renal injury. Although many studies in both animal models and patients have clearly demonstrated short-term structural and
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functional injury after shock wave lithotripsy (SWL), including the development of hematomas [16, 17] , these changes appear to be temporary and largely resolve within 1-3 months [16, 18] . Previous studies connected SWL with new-onset hypertension, exacerbation of stones, or the development of diabetes [19] ; however, more recent populationbased cohort studies did not confirm these associations [20, 21] . Indeed, there is currently no clear evidence of long-term detrimental effects from SWL, even among patients with pre-existing CKD [22] . Likewise, studies suggest that percutaneous nephrolithotomy (PCNL) is not associated with adverse renal outcome in the short or long term [3] . However, baseline CKD appears to influence the course of recovery, as operative time, length of hospital stay, and complication rates were all increased among those with CKD stages 4 and 5 [23] .
Occasionally, patients with kidney stones require nephrectomy for large stones. There has always been concern about the fate of the remaining kidney in these circumstances, especially were the stone disease to remain active after nephrectomy. Carvalho et al. [24 & ] recently reported that the creatinine clearance among 30 nephrolithiasis patients who underwent nephrectomy was 52.5 AE 18.8 ml/min, significantly lower than matched nephrolithiasis controls with two intact kidneys (92.9 AE 24.2 ml/min, P < 0.001). This study did not have data regarding long-term outcome after the nephrectomy; however, three decades worth of follow-up in a tertiary kidney stone clinic did not suggest that those stone patients with a solitary kidney inevitably lost function [25] . Indeed, in a study such as that by Carvalho, it is difficult to determine the exact role the nephrectomy played in the reduced kidney function because only patients with extensive and complicated stones are likely to be offered this procedure. In addition, women represented the vast majority (17/20) of the nephrectomy patients in the Carvalho cohort, perhaps because concurrent infection is a frequent indication for nephrectomy in association with stone disease, [24 & ]. Women have been similarly overrepresented in other series of stone patients requiring nephrectomy [25] .
Mishra et al. [26 && ] recently developed a model to predict chance of renal function recovery among patients who presented with bilateral obstructive uropathy resulting from stones. Stones were treated with ureteroscopy or PCNL in a cohort of 167 patients with a mean age of 48 AE 14 years and serum creatinine of 7.26 AE 4.42 mg/dl at presentation. Twenty-eight percent progressed to CKD stage 5 by the end of the first year. In a multiple logistic stepwise regression model, combined renal cortical width, proteinuria, nadir glomerular filtration rate (GFR) 5 days after relief of obstruction, and a positive urine culture were used to develop a 1-year renal deterioration index (RDI). The RDI had good predictive value (receiveroperating area under the curve ¼ 0.90; Table 1 ). Those with an RDI greater than 12 at presentation had a markedly increased odds ratio (11.2) of being at CKD stage 5 one year later.
CRYSTAL-INDUCED ACUTE KIDNEY INJURY IN NEPHROLITHIASIS
Although nephrolithiasis-related AKI is usually associated with mechanical obstruction, crystalline nephropathy may be a factor in certain cases. Distal tubular solute supersaturation is a well-known kidney stone risk factor. Features that favor supersaturation include dehydration (or inadequate oral fluid intake), over excretion of lithogenic substances such as calcium or oxalate, or an abnormally high (calcium phosphate) or low (uric acid) urine pH. Ingestion of poorly soluble drugs or toxins that are renally excreted, or over-excretion of metabolic intermediaries among patients with specific genetic diseases (e.g., cystinuria, dihydroxyadenuria, primary hyperoxaluria), can also produce intratubular plugging and renal damage [27] .
Acute oxalate nephropathy is observed in association with genetic disorders characterized by the intrinsic overproduction of oxalate (primary hyperoxaluria), acquired gastrointestinal disorders characterized by fat malabsorption (enteric hyperoxaluria), or after excessive ingestion of vitamin C, oxalate-rich foods, or ethylene glycol [28] . Patients with pre-existing CKD may be particularly susceptible to oxalate nephropathy [29] . Renal injury in association with calcium oxalate-induced crystalline nephropathy is often not reversible, as, in one series, only 27% of patients experienced functional recovery [29] . Acute uric acid nephropathy (UAN) can occur when uric acid is massively overproduced after chemotherapy for lymphoma or leukemia. UAN has also been reported in association with rare inherited syndromes such as hypoxanthineguanine phosphoribosyltransferase deficiency (Lesch-Nyhan syndrome), as a result of impaired proximal tubular urate reabsorption (Fanconi-like syndrome), or among patients with familial renal hypouricemia, in the latter circumstance especially after vigorous exercise [30] . Because uric acid is predominately eliminated via the kidney, it is occasionally difficult to determine whether an increased blood uric acid level is the cause or result of AKI. In such cases, a ratio of urinary uric acid to creatinine of more than 1.0 or a uric acid excretion rate of greater than 0.57 mg per 100 ml of GFR support the diagnosis of UAN [30] . Numerous uric acid crystals in the urinalysis also support this possibility. Acute UAN appears to have a better outcome than oxalate nephropathy, and often resolves with a combination of aggressive volume expansion, urinary alkalinization, oral allopurinol, and early initiation of dialysis (as indicated). It is important to keep in mind that excessive administration of allopurinol can have the unintended consequence of increased xanthine production, which can also crystallize in the kidney [31] .
Certain medications and toxins that have relatively low solubility can also crystallize in the kidney and collecting system including acyclovir, sulfonamide antibiotics, methotrexate, and the protease inhibitor indinavir. Melamine-induced AKI was observed in association with tainted baby formula during 2008 in China [32] . The mean time from initiation of the suspect milk powder to the onset of disease was 9.4 months. Low urinary pH appeared to be an important cofactor that favored melamine crystal deposition and AKI [32] . Fortunately, melamineinduced renal damage appeared to be reversible, and affected children have been reported to have a satisfactory short and long-term renal prognosis [33] .
MECHANISMS OF NEPHROLITHIASIS-ASSOCIATED KIDNEY INJURY
The mechanism of post-obstructive AKI has been well studied in animal models. Unilateral ureteral obstruction produces increased intratubular pressure, which is followed by intense renal vasoconstriction and a rapid fall in renal blood flow and GFR [34] . If the obstruction is prolonged, interstitial fibrosis and nephron dropout ensue, eventually leading to CKD [35] .
Another potential mediator of nephrolithiasisassociated kidney damage is direct cellular toxicity caused by crystals. The interaction of renal cells and calcium oxalate (CaOx) crystals, the major crystal in human kidney stones, has been extensively studied in animal and cell culture models. Multiple biological effects of CaOx crystals, as well as soluble oxalate ion, on renal epithelial cells have been characterized (Fig. 1) [36] . Apoptosis and cell death, perhaps triggered by mitochondrial dysfunction and release of reactive oxygen species, have been observed [37] . Two very recent studies demonstrated that CaOx crystals can also activate innate immunity via the intracellular inflammasome [38,39 && ]. In a series of elegant experiments performed in a mouse model of acute oxalate toxicity, Mulay et al. [39 && ] demonstrated that intratubular and interstitial CaOx deposition was associated with diffuse interstitial neutrophilic infiltration and tubular necrosis. Activation of the NLPR3 inflammasome by CaOx crystals triggered intrarenal secretion of a diverse array of inflammatory cytokines and chemokines including interleukin-1b and interleukin-18, thus perpetuating further damage. After blockade with an interleukin-1 agonist, tubular injury and neutrophil recruitment was reduced and kidney function improved.
RISK OF CHRONIC KIDNEY DISEASE AMONG THOSE WITH NEPHROLITHIASIS
Although 0.8-17.5% of nephrolithiasis patients have CKD stage 2 or greater [3] , only a relatively small percentage (0.8-3.2%) of end-stage renal disease (ESRD) has been attributed to stone disease [40, 41] . Nevertheless, several recent reports suggest that nephrolithiasis is indeed a small yet independent risk factor for both CKD and ESRD. The mechanism(s) remain unclear. In a study that took advantage of a large healthcare database in Taiwan, 21 474 individuals with newly diagnosed CKD were found to be 1.91 times more likely to have a prior diagnosis of urinary calculi than matched controls lacking CKD, after adjusting for socioeconomic factors and medical co-morbidities [42] . A populationbased cohort study in Olmsted County found that stone formers were at a similar 2.1-fold higher risk of developing ESRD over 25 years of follow-up, independent of baseline CKD and cardiovascular risk factors [43] . A third population-based epidemiological study of over 3 million Canadian adults without ESRD at baseline found that one or more stone episodes during follow-up were associated with an increased risk of both CKD and ESRD [41] . There is little doubt that traditional CKD risk factors such as hypertension, diabetes, obesity, and albuminuria are increased in patients with kidney stones, which is probably an important contributor to the relationship between stones and CKD.
Certain patient-specific factors also likely increase the risk of nephrolithiasis CKD. Population-based studies in Olmsted County, Minnesota, suggested that stone formers who developed ESRD were more likely to have specific urological diagnoses including hydronephrosis, recurrent urinary tract infection, a solitary kidney, neurogenic bladder, and an ileal conduit [43] . Other studies suggest that stone type impacts the risk of kidney failure. In a cross-sectional study of 1918 patients with kidney stones, patients with calcium-containing stones (calcium oxalate and calcium phosphate) had a much higher GFR than those with noncalcium-containing stones (struvite and uric acid) [44] . Similarly, Worcester et al. [25] found that struvite and calcium phosphate stones were more common in nephrolithiasis patients with single kidney. In a European cohort, Jungers et al. [40] observed that infection stones accounted for 42.2% of the patients with ESRD because of nephrolithiasis, whereas calcium and uric acid stones contributed 26.7% and 17.8%, respectively. Finally, CKD and ESRD risk are increased among patients with certain hereditary stones such as primary hyperoxaluria, cystinuria, Dent disease, and adenine phosphoribosyltransferase deficiency, although the absolute number of such cases is small [45] .
CONCLUSION
Recent reports have demonstrated that nephrolithiasis is not a common cause of adult AKI, but may be a relatively major cause in younger children. Obstructive nephropathy is the main feature of nephrolithiasis-associated AKI. Recovery of renal function depends primarily on the extent and the duration of the obstruction. Crystalline nephropathy is another recently recognized mechanism of nephrolithiasis-associated AKI that appears to impart a worse renal prognosis than obstruction alone, especially in hyperoxaluric states. Although several large epidemiological studies have identified an increased CKD risk among those with nephrolithiasis, relatively few have focused on the epidemiology of AKI. Do prior AKI episodes have an adverse impact on kidney function? What cellular mechanisms contribute to the development and resolution of crystal-induced AKI? More research is clearly needed to define the characteristics and mechanisms of nephrolithiasis-associated AKI. Possible mechanisms of nephrolithiasis-related acute kidney injury. Acute kidney injury can occur in patients with nephrolithiasis via several different pathways. If a stone is dislodged and blocks the collecting system, this can cause an obstructive uropathy associated with secondary vasoconstriction and renal hypoperfusion. Intratubular crystallization events can lead to an obstructive uropathy on a microscopic level, for example, in uric acid nephropathy. The interaction of individual tubular epithelial cells with urinary crystals is also associated with cellular responses that include apoptosis and cell death. Oxidative stress pathways and innate immune system/inflammasome pathways also appeared to be activated by the interaction of tubular epithelial cells with specific urinary crystals such as calcium oxalate.
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